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sensors.[4] Such compounds are used as 
active materials in a variety of devices due 
to their low costs, easy processability, light 
weight, structural flexibility, and tunability 
of their electronic properties by chemical 
synthesis.[5] However, the rather weak van 
der Waals interactions, which often govern 
the intermolecular interactions, substan-
tially limit the performance of today’s 
devices.
In order to unravel the interplay of inter-
molecular and molecule–substrate interac-
tions, which play a key role in the device 
performance, considerable fundamental 
research on homomolecular layers on dif-
ferent metal substrates has been performed 
over the last three decades.[6,7] In contrast, 
studies on the electronic and structural 
properties of binary systems have only 
emerged in the last few years.[8–10] Special 
focus has been put on the organic–inorganic 
and organic–organic interface, which deter-
mines key properties like contact resistance, 
charge injection, and extraction.[7,11]
One approach for increasing the inter-
molecular interactions is based on the dec-
oration of the organic molecules with complementary functional 
groups, e.g., hydrogen-bond donating and accepting groups.[10,12] 
In the last few years, the use of fluorinated molecules in mixed 
molecular layers leading to hydrogen-fluorine bonds was studied 
intensely.[13–16] Besides the increased intermolecular interaction 
Over the past years, ultrathin films consisting of electron donating and 
accepting molecules have attracted increasing attention due to their potential 
usage in optoelectronic devices. Key parameters for understanding and tuning 
their performance are intermolecular and molecule–substrate interactions. 
Here, the formation of a monolayer thick blend of triphenylene-based organic 
donor and acceptor molecules from 2,3,6,7,10,11-hexamethoxytriphenylene 
(HAT) and 1,4,5,8,9,12-hexaazatriphenylenehexacarbonitrile (HATCN), respec-
tively, on a silver (111) surface is reported. Scanning tunneling microscopy and 
spectroscopy, valence and core level photoelectron spectroscopy, as well as low-
energy electron diffraction measurements are used, complemented by density 
functional theory calculations, to investigate both the electronic and structural 
properties of the homomolecular as well as the intermixed layers. The donor 
molecules are weakly interacting with the Ag(111) surface, while the acceptor 
molecules show a strong interaction with the substrate leading to charge 
transfer and substantial buckling of the top silver layer and of the adsorb-
ates. Upon mixing acceptor and donor molecules, strong hybridization occurs 
between the two different molecules leading to the emergence of a common 
unoccupied molecular orbital located at both the donor and acceptor molecules. 
The donor acceptor blend studied here is, therefore, a compelling candidate for 
organic electronics based on self-assembled charge-transfer complexes.
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1. Introduction
Organic molecules are considered highly valuable for applica-
tions ranging from organic light emitting diodes[1] over organic 
photovoltaics[2] to field effect transistors[3] and molecular 
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of fluorinated molecules with hydrogen-bond donating mole-
cules, the fluorination induces electron accepting character and 
based on their hydrogen-fluorine bonds, strong intermolecular 
interaction can be achieved.[17–20] Consequently, the resulting 
intermixed layers often exhibited similar self-assembly patterns 
independent of the underlying metal substrate.[9] However, the 
electronic structure is only slightly affected by the intermixing, 
resulting in a rigid shift of the electronic states in the inter-
mixed layers compared to the homomolecular ones but a strong 
hybridization leading, e.g., to common electronic states was not 
observed for these systems.[9,14,20–22]
One of the first examples where monolayer thick films 
of electronically strongly interacting mixtures of donor and 
acceptor molecules were investigated is the case of tetrathia-
fulvalene/tetracyanoquinodimethane (TTF/TCNQ).[23] These 
molecules form a 3D bulk charge-transfer salt exhibiting 
metallic properties with a conductivity of 1.47 × 104 Ω−1 cm−1.[24] 
On an Au(111) surface it was reported that a dispersing quasi 
1D band along the TCNQ molecules exists. Its origin lies in a 
complex mixing of metal and molecular states giving rise to a 
new interface state, which cannot be explained by the electronic 
properties of the pristine molecular components.[23]
Recently, a number of other charge-transfer (CT) 
complexes—thin films as well as crystalline samples—were 
investigated by means of ultraviolet photoelectron spectroscopy 
(UPS), X-ray photoelectron spectroscopy (XPS), near-edge X-ray 
absorption fine structure (NEXAFS) measurements, and den-
sity functional theory (DFT) calculations.[25–27] In these studies, 
mostly evaporated or solution-processed samples exploring 
TCNQ as an acceptor and pyrene derivatives as a donor,[25,26] or 
coronene derivatives for both acceptor and donor,[27] were inves-
tigated. For the coronene derivatives, the core level binding 
energy of the donor shifted toward higher binding energy and 
that of the acceptor shifted toward lower binding energy upon 
mixing, indicating a weak CT system.[27] In contrast, for micro-
crystals grown from pyrene and TCNQ additional peaks were 
observed in the XPS and NEXAFS spectra indicating a hybridi-
zation of specific orbitals and ionization of the molecules due 
to charge transfer.[25]
In this paper, we report on an organic binary donor–
acceptor system consisting of two molecules, which exhibit 
threefold rotational symmetry and complementary electronic 
properties. As electron acceptor we used 1,4,5,8,9,12-hexa-
azatriphenylenehexacarbonitrile (HATCN; Scheme 1a),[28] 
while electron-rich 2,3,6,7,10,11-hexamethoxytriphenylene 
(HAT; Scheme 1b), known for its good electron donating 
properties when in contact with a strong acceptor, was used 
as the second component.[29] The complementary character of 
the two molecules facilitated a well-ordered assembly in the 
mixed layer as observed by scanning tunneling microscopy 
(STM) and low-energy electron diffraction (LEED). Using scan-
ning tunneling spectroscopy (STS), we identified a common 
unoccupied state distributed across both molecules, which 
was absent for either of the homomolecular layers. These 
results point to a strong hybridization within the intermixed 
molecular layers. Our HATCN-HAT system, thus, represents a 
new strong candidate for organic (opto)electronic applications 
based on CT complexes.
2. Results
2.1. Structural and Electronic Properties of HAT and HATCN
Before discussing the adsorption on Ag(111), the structural and 
electronic properties of HAT and HATCN are briefly described. 
Our DFT calculations show that the molecular backbone of the 
HATCN is planar in the gas phase. The HAT molecule can exist 
in different conformations due to the rotational flexibility of the 
O-CH3 groups. Scheme 1b illustrates one of the most stable 
conformations, which also exhibits a flat molecular backbone. 
In contrast, the conformation where two O-CH3 groups are 
rotated shows a slight buckling and consequently is 225 meV 
less stable (Figure S1a,b, Supporting Information). The 
calculation of the density of states (DOS) of these two different 
conformations shows no difference in the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) and only slight modifications at the lower lying 
states (Figure S1c, Supporting Information).
Figure 1 shows the energy diagrams of the two molecules 
derived from our electrochemical and UV–vis measurements 
(see Figure S2 and Table S1, Supporting Information). The 
HOMO of the HAT molecule is found at 4.7 eV below the 
vacuum level while the LUMO of HATCN resides at 4.3 eV 
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Scheme 1. Molecular structures of: a) HATCN (1,4,5,8,9,12-hexaazatriphe-
nylenehexacarbonitrile) and b) HAT (2,3,6,7,10,11-hexamethoxytriphenylene).
Figure 1. Schematic view of the energy levels of HATCN (left) and HAT 
(right). The bandgaps are taken from the UV–vis data, the LUMO of 
HATCN was derived from the CV curves and the HOMO and LUMO of 
HAT are taken from ref. [30].
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below the vacuum level. This leads to a charge injection barrier 
of only 0.4 eV for a charge transfer from the HOMO of HAT 
into the LUMO of HATCN. These values compare rather well 
with energy values derived from optical and electrochemical 
measurements.[30,31] The positions of the energy levels high-
light the electronic complementarity of HATCN and HAT and 
their excellent suitability to form CT complexes.
2.2. Self-Assembly of the Molecules
In the following, we describe the self-assembly of the homo-
molecular layers as well as the blend of HATCN and HAT on 
the Ag(111) surface. For coverages ≤1 monolayer (ML), HATCN 
molecules formed a porous hexagonal network. In the close-up 
STM image presented in Figure 2a, the triangular shape arising 
from the hexaazatriphenylene-backbone of the molecules is 
clearly visible. As known from literature, STM generally does 
not image the cyano groups.[32] Dislocation lines and stacking 
faults interrupted the long-range order (see Figure S3a, Sup-
porting Information). No mirror or rotational domains were 
observed in the STM images. The LEED pattern (Figure 2a, 
top right) displays a (7 × 7) superstructure which is in line with 
the absence of rotational domains. Combining the informa-
tion from LEED and STM and using the lattice constant of Ag 
(4.09 Å), the unit cell can be described by a = b = 2.02 nm and 
an enclosing angle of θ = 120°. The tentative structure model 
(Figure 2a, bottom right), which was derived from the STM and 
LEED observations, demonstrates that the molecular network is 
stabilized by dipolar coupling between the negatively charged 
N-atoms and the positively charged C-atoms of neighboring 
cyano groups.[33] Our DFT calculations of the (7 × 7) superstruc-
ture on Ag(111) illustrate a similar self-assembled arrangement 
with a molecule–molecule distance of 1.2 nm (Figure S4a, 
Supporting Information). The adsorption energy is 2.41 eV 
per molecule and the average adsorption height of the carbon 
atoms is 3.18 Å and of the nitrogen atoms is 3.03 Å (Table S2, 
Supporting Information). Furthermore, the DFT calculations 
indicate that the cyano groups are significantly bent toward the 
substrate leading to a strong buckling of the molecule as well 
as of the top surface layer visible in the difference between the 
lowest and highest Z positions of Ag and N, respectively. Our 
findings for HATCN on Ag(111) are in line with those reported 
by Glowatzki et al.[34]
For coverages ≤1 ML, HAT molecules assembled into a hex-
agonal close-packed network as depicted in Figure 2b. In the 
STM images, individual molecules appear with six protrusions 
at their periphery. These “legs” derive from the six methoxy 
groups of the molecule. From the mirror-symmetric shape of 
the molecules, it can be inferred that the molecules are adsorbed 
in conformation 1 shown in Scheme 1b. For room temperature 
measurements, HAT was found to be mobile and the aforemen-
tioned network could only be observed for monolayer coverages. 
However, when measuring at 77 K, HAT molecules formed hex-
agonally close packed islands of several hundred nanometers in 
size with only a few vacancies (Figure S3b, Supporting Infor-
mation). Occasionally, also 1D molecular wires were observed. 
This was especially the case for low coverages as demonstrated 
in Figure S5 in the Supporting Information. From the LEED 
pattern (Figure 2b, top right) a ( )× °R21 21 10.9  superstruc-
ture for HAT on Ag(111) was determined, which can be also 








 matrix. Thus, two mirror domains 
rotated by ±10.9° with respect to the Ag [1–10] direction were 
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Figure 2. Self-assembly of a) HATCN, b) HAT, and c) HAT+HATCN 
on Ag(111). The substrate orientation is indicated by white arrows in 
the STM images. STM parameters: a) T = 77 K, U = 0.5 V, I = 150 pA, 
8 × 8 nm2; b) T = 77 K, U = 0.2 V, I = 30 pA, 8 × 8 nm2; c) T = 77 K, 
U = 0.5 V, I = 40 pA, 8 × 8 nm2. Positive bias refers to tunneling into unoc-
cupied states of the samples. Top right: LEED patterns taken at 36 eV (a), 
37 eV (b) and 15 eV (c); in a) and b) the substrate spots are indicated by 
orange circles (in c) they are located outside the screen). Bottom right: 
tentative structure models; the unit cells are indicated in blue, red, and 
green for a), b) and c), respectively.
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present on the surface (see white arrows in Figure 2b for the 
substrate unit cell direction). The unit cell vectors of this net-
work derived from the LEED data are a = b = 1.32 nm with an 
enclosing angle of θ = 120°. The tentative structure model in 
Figure 2b, bottom right shows one of the mirror domains. It is 
apparent that the molecular assembly is stabilized by hydrogen 
bonding between the hydrogen atoms of the methyl groups and 
neighboring oxygen atoms. This self-assembly pattern agrees 
with our DFT calculations, which showed a similar molecular 
orientation (Figure S4b, Supporting Information). Moreover, 
our DFT calculations give an adsorption energy for HAT of 
2.27 eV per molecule and show that the molecular backbone of 
HAT adsorbs rather flat on the surface with an average adsorp-
tion height of the carbon atoms of 3.34 Å and for the oxygen 
atoms of 3.38 Å (Table S3, Supporting Information). The lower 
adsorption energy and higher adsorption height of HAT com-
pared to HATCN indicates that the latter interacts somewhat 
more strongly with the Ag(111) surface than the former.
To facilitate successful intermixing of both molecules on 
the silver surface, HAT molecules were deposited first. Due 
to their high mobility at room temperature for sub-monolayer 
coverage, they could easily mix with the added HATCN 
molecules. After depositing an approximate one-to-one ratio of 
HAT and HATCN on Ag(111), a close-packed network formed 
as illustrated in Figure 2c. In large-scale STM images, a row-
like pattern emerges (Figure S3c, Supporting Information). 
The close-up view in Figure 2c clearly indicates two differently 
appearing molecules. The brighter molecules exhibit a trian-
gular shape while the dark molecules possess an asymmetric 
cross-like shape. The bright, triangular molecules could be 
identified as the HATCN molecules as they exhibit the same 
appearance as in the pure HATCN layer (Figure 2a). In con-
trast, the darker, asymmetric molecules do not display the six 
symmetrically arranged “legs” observed for the pure HAT layer. 
The reason for this different appearance lies in the rotational 
flexibility of the methoxy groups of HAT, leading to several 
possible conformations. In the conformation present in the 
binary layer, two of the methyl groups are rotated toward the 
neighboring methoxy groups while for one of the phenyl rings 
both methyl legs are oriented to the outside. This specific con-
formation, which is shown in Figure S1b in the Supporting 
Information, leads to an asymmetric cross-like appearance seen 
in the STM image. The LEED pattern (Figure 2c, top right) is 
more complex than for the homomolecular assemblies. We 
propose that the intermixed molecular layer formed an incom-
mensurate superstructure, since there is no integer matrix, 
which can describe the observed LEED pattern. The lengths 
of the unit cell vectors were only determined from STM data 
and measured a = 2.4 ± 0.1 nm and b = 2.7 ± 0.1 nm with an 
enclosing angle of θ = 103 ± 3°.[35] The observed adsorption pat-
tern gives rise to six rotational domains on the surface. In the 
tentative structure model (Figure 2c, bottom right) most cyano 
groups of a HATCN molecule form H-bonds with neighboring 
HAT molecules, while one cyano group undergoes dipolar cou-
pling with another HATCN molecule. The dipolar coupling 
interaction is similar to the one observed for homomolecular 
HATCN structures. The unit cell contains two HATCN and 
two HAT molecules as indicated by the green tetragon in the 
tentative structure model (Figure 2c, bottom right).
Unfortunately, it was not possible to perform DFT calcula-
tions on the intermixed unit cell on Ag(111) due to its incom-
mensurability and huge size. However, we placed one HATCN 
and one HAT molecule close to each other on the Ag(111) sur-
face (see Figure S4c, Supporting Information) in order to gain 
additional insight into the structural properties when mixing 
both molecules. In short, it became apparent that the height of 
the HATCN (carbon backbone and nitrogen atoms) increased 
slightly compared to the homomolecular HATCN layer (see 
Tables S2 and S4, Supporting Information). A detailed inspec-
tion of the nitrogen atoms of the cyano groups which are 
close to the HAT molecules showed that these exhibit a larger 
distance to the surface than those facing away from the HAT 
molecule. Furthermore, the average height of the carbon atoms 
of the HAT molecule decreased upon adsorption close to a 
HATCN molecule. These structural changes already give a first 
indication that the HATCN/substrate interaction is decreased 
when intermixing with the HAT while the HAT/substrate and 
the intermolecular interaction seem to be increased.
2.3. X-Ray Photoelectron Spectroscopy
Figure 3 shows XPS data for the N 1s and O 1s core levels taken 
on the homomolecular as well as the intermixed layers. The C 1s 
spectra are shown in Figure S6 in the Supporting Informa-
tion. The N 1s spectrum of HATCN shows two components, 
which were fitted with a 1:1 area ratio. The peak at lower 
binding energy stems from the cyano component of HATCN 
while the peak at higher binding energy corresponds to the 
N-atoms within the backbone of the molecule.[36] The O 1s 
spectra consist of only one component, which is in line with the 
chemical structure of the HAT molecule. For the intermixed 
Small 2019, 15, 1901741
Figure 3. XPS spectra for monolayers of HATCN (blue), HAT+HATCN 
(green) and HAT (red). a) N 1s spectra, b) O 1s spectra.
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molecular layer, the binding energies of the N 1s peaks of 
HATCN exhibited almost no shifts. In contrast, the O 1s peak 
of HAT shifted by 0.4 eV toward lower binding energies when 
mixing with the acceptor molecule HATCN (see Table S5, Sup-
porting Information). Earlier reports demonstrated a similar 
shift of donor core levels to lower binding energy when mixing 
a donor with an acceptor molecule.[9,14,19,27]
When comparing the full-width at half maximum (FWHM) 
of the peaks it is clearly visible that it is decreased for the N 1s 
peaks when going from the pure HATCN layer to the inter-
mixed layer (see Table S5, Supporting Information). In contrast, 
the O 1s peaks of the HAT molecule do not show any signifi-
cant changes in the FWHM. The implications of the changes of 
the FWHM will be discussed later.
2.4. Electronic Properties
In a next step, we investigated the electronic properties of the 
homomolecular as well as the intermixed layers by means of 
angle-resolved photoelectron spectroscopy (ARPES), UPS, and 
STS. The ARPES results for monolayer coverage of HATCN are 
shown in Figure 4a. The blue line represents the momentum-
integrated intensity as function of the binding energy. A slight 
increase of the intensity close to the Fermi level was observed. 
This was also seen by angle-integrated UPS (Figure S7b,d, 
Supporting Information). We associate the increased intensity 
around the Fermi level with a partial filling of the LUMO of 
HATCN, which was also reported in an earlier publication.[34] 
This partial filling is in line with the Bader charge analysis 
of our DFT calculations, which showed a charge transfer of 
2.3 electrons per molecule from the substrate into the 
molecule. Our calculation of HATCN’s density of states (DOS) 
also illustrates a shifting of the LUMO toward the Fermi level 
(see Figure S8a, Supporting Information). The HOMO of 
the pure HATCN could not be observed in the ARPES/UPS 
data. The HOMO–LUMO gap of HATCN in the gas phase is 
3.3 eV (Figure 1).[31] We, therefore, suspect an overlapping of 
the HATCN HOMO with the silver 4d bands, which gave rise 
to a high intensity below −2.8 eV. DFT calculations locate the 
HOMO of HATCN on the substrate at −2.5 eV (Figure S8a, 
Supporting Information) providing good qualitative support 
for this idea considering the well-known fact that DFT under-
estimates the bandgap, which leads to discrepancies in the 
calculated and measured DOS.[37]
For approximately one monolayer of HAT, a clear band was 
found at −2.2 eV (see red line in Figure 4b), which can be 
associated with the HOMO of the HAT molecule. The HOMO 
calculated by DFT lies significantly higher in energy at −1.1 eV 
(Figure S8b, Supporting Information).
In the case of the intermixed molecular layer, a HOMO was 
observed at −2.0 eV (Figure 4c). We propose that this is the 
HOMO of HAT shifted by ≈0.2 eV toward the Fermi level when 
compared to the homomolecular layer. Earlier studies also 
reported a shift of the donor HOMO level toward the Fermi 
level for the mixing of a donor with an acceptor molecule.[14,21] 
Additionally, the HOMO of the intermixed layer was signifi-
cantly broadened compared to the one of the pure HAT layer 
(see Figure S10, Supporting Information). Our DFT calcula-
tions also indicate a significant broadening in the DOS of the 
HAT molecule, specifically in the deeper levels, when going 
from a homomolecular layer to an intermixed molecular layer 
(peak around −3 eV in Figure S8b, Supporting Information). 
This clearly reinforces the notion that the HAT molecule 
interacts more strongly with the surface or its neighboring 
molecules when it is in the vicinity of HATCN. El-Sayed et al. 
reported a broader HOMO of the acceptor (fluorinated copper-
phthalocyanines) molecule in the homomolecular layer while 
its width decreased by mixing with pentacene as a donor.[22] 
Furthermore, the increased intensity around the Fermi level 
observed for HATCN alone was significantly reduced in the 
intermixed molecular layer (Figure S7b,d, Supporting Infor-
mation). This demonstrates that the charge transfer between 
the substrate and HATCN was reduced upon deposition of 
the electron donating molecule (HAT) indicating a reduced 
HATCN–substrate interaction. This is in line with our Bader 
charge analysis, which shows a charge transfer of only 1.4 
electrons from the Ag(111) into one HATCN when HATCN is 
adsorbed close to HAT on the Ag surface.
However, DFT calculations illustrate no changes in the posi-
tion of the occupied states of both HAT and HATCN when 
going from the homomolecular layers to the intermixed mole-
cular layer. This is probably due to the simplification of the 
superstructure used for the calculations, which contains only 
one HAT and one HATCN molecule while in our unit cell each 
HAT is surrounded by four HATCN molecules. Therefore, we 
performed another set of calculations for the intermixed unit 
cell but without the Ag(111) substrate. Here we observe a signif-
icant broadening of all electronic states (Figure S9, Supporting 
Information) due to the strong interaction between HAT and 
HATCN, which fits well with the observed broadening of the 
HOMO shown in Figure S10 in the Supporting Information.
In addition to the ARPES results, we measured work 
function changes of the homomolecular and intermixed 
layers, which are summarized in Table 1 and in Figure S7c 
in the Supporting Information. UPS measurements and DFT 
calculations demonstrate that the work function of the HATCN 
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Figure 4. ARPES data taken 5° off-normal emission (kx = 0.18 Å−1) for 
a) HATCN, b) HAT and c) HAT+HATCN. The blue line in a) represents 
the momentum-integrated intensity as a function of the energy. The red 
and green line in b) and c) indicate the position of the HOMO from the 
fits (see Supporting Information) in the pure and in the intermixed layer, 
respectively. The high intensity around −3 eV arises from the Ag 4d bands.
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monolayer on Ag(111) is similar to the one of the clean 
substrate, which is in line with earlier reports.[38] Our DFT cal-
culations even showed a slight increase of the work function 
by 0.1 eV compared to the one of clean Ag(111). In contrast, 
the work function strongly decreased by 0.9 eV upon adsorp-
tion of a HAT monolayer on Ag(111). The work function of the 
intermixed layer resides between those of the homomolecular 
layers. Generally, the work function of a substrate decreases 
upon the adsorption of organic molecules due to Pauli repul-
sion between the electron cloud of the metal and the electrons 
from the adsorbates. This effect can explain the reduction of 
the work function observed for monolayer coverage of HAT. 
For the monolayer of HATCN, the Pauli repulsion is counter-
acted by the charge transfer from the substrate to the HATCN 
molecules, as observed by ARPES/UPS measurements and 
DFT calculations, leading to a surface dipole.
Our observations of the work function changes can be well 
described by a method used by Goiri et al.[9] and El-Sayed et al.[14] 
For weakly interacting, bi-component systems the work func-
tion change of an intermixed molecular layer can be determined 
by the work function changes of the pure components as long 
as the surface areas occupied by the adsorbates are known. By 
deriving the surface area values from the unit cell parameters, 
we calculated a theoretical work function change of 0.43 eV (see 
Table S6 in the Supporting Information for details). This value 
is very close to the measured value of −0.4 eV showing that 
according to this method our system behaves similarly to the 
previously reported donor/acceptor systems.[9,15]
In order to investigate the electronic properties on a local 
scale, STS was performed for the homomolecular and the inter-
mixed phases. The results are summarized in Figure 5. We 
focused on the unoccupied electronic states since the HOMO 
positions could be derived from the ARPES and UPS data. STS 
for the homomolecular HATCN layer shows that the surface 
state of Ag(111) is shifted into the unoccupied states by around 
80 mV with respect to the clean Ag(111) surface state (dark 
blue line, Figure 5 and Figure S11b, Supporting Information). 
Additionally, a small feature 70 mV below the Fermi level is vis-
ible in the spectrum. We ascribe this to partial charge transfer 
from the Ag surface into the molecule, in line with our ARPES 
and work function measurements.[39] No further features were 
found in the STS spectra for the HATCN molecules within the 
investigated energy range.
For the homomolecular layer of HAT, an even stronger shift 
of the surface state of ≈150 mV into the unoccupied states was 
observed (red line, Figure 5 and Figure S11b, Supporting Infor-
mation). Besides the shift of the surface state, a dip around 
0.75 V in the density of states was found. We assume that 
the LUMO resides just below this dip around 0.65 V where a 
small increase in the DOS is visible. The intense background 
above 0.2 eV can be assigned to the remaining Shockley surface 
state of Ag(111), whose intensity only decreases slightly with 
increasing voltage.[40]
When probing the electronic properties of the molecules in 
the intermixed layer, clear differences were observed compared 
to the homomolecular layers. First of all, the Ag(111) surface 
state seems to be quenched in the intermixed layer (Figure S11b, 
Supporting Information). Second, there is qualitatively no 
difference between the STS spectra acquired either on top of 
HAT molecules or on top of HATCN molecules (Figure 5, two 
top most spectra). Both exhibited an increase in the density of 
states around 0.2 V. The clear peak at around 0.45 V can be 
assigned to an unoccupied molecular orbital (dotted black line). 
Note that neither HAT nor HATCN in the homomolecular 
layers showed a similar feature.
Noteworthy, our DFT calculations of the intermixed layer 
without the Ag(111) substrate also show significant changes 
in the molecular orbitals compared to the calculations of the 
single molecules (Figure S9, Supporting Information). In detail, 
a broadening of most of the states is visible. Furthermore, some 
states of the HAT and HATCN overlap, which might be an indi-
cation for the hybridization between the molecules. Last but not 
least, the calculations of the CT complex show a charge transfer 
of 0.4 electrons from the HAT into the HATCN.
In order to determine the local distribution of this unoccu-
pied molecular orbital, dI/dV maps were taken at 0.45 V for the 
intermixed phase. It is clearly visible that the cross-like HAT 
molecules in the intermixed layer appear brighter in the dI/dV 
map, i.e., they exhibit a higher conductivity than the triangular 
HATCN molecules (Figure 6). This was also visible in the 
dI/dV spectra where the peak at 0.45 eV showed more intensity 
Small 2019, 15, 1901741
Table 1. Work function changes relative to the clean Ag(111) substrate 
derived from UPS and from DFT.
HATCN HAT HAT+HATCN
Work function changes [eV] from UPS 0.0 −0.9 −0.4
Work function changes [eV] from DFT +0.1 −0.9 −0.3
Figure 5. STS data for the homomolecular HATCN and HAT islands (dark 
blue and red curve, respectively) and for the HATCN (light blue) as well 
as HAT (purple) molecule in the intermixed layer acquired at 5 K. The 
dotted black line at 0.45 V indicates the position at which the dI/dV map 
in Figure 6 was taken. The panel on the right shows the corresponding 
STM images. The colored crosses indicate at which positions the dI/dV 
spectra were taken. (Bottom right: HATCN 22 × 10 nm2; center right: 
HAT 15.6 × 6.7 nm2; top right: intermixed island 20 × 20 nm2; set-points: 
U = −0.5 V, I = 200 pA for pure HAT and pure HATCN, U = +0.5 V, I = 200 pA 
for the intermixed island).
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on top of the HAT molecule than on top of the HATCN mole-
cule (Figure 5 and Figure S11a, Supporting Information). 
Interestingly, HAT molecules at the boarder of the intermixed 
island, which are not in contact with HATCN molecules (white 
arrows in Figure 6a) displaying the six-leg structure, exhibited 
a reduced conductivity compared to the molecules within the 
intermixed structure. This further indicates that the electronic 
structure of HAT changed upon mixing of the two molecules. 
Note that at the homogeneously mixed borders of the islands 
the conductivity is the same as in the center of the island (see 
Figure S12, Supporting Information). Thus, we exclude a spill-
out effect, which might have induced this weaker contrast for 
the HAT molecules at the island borders. From the STS data, 
we conclude that the two molecules hybridize in the intermixed 
layer leading to an alignment of the unoccupied molecular 
orbitals. This is in contrast to weakly interacting organic donor/
acceptor systems like the combination of CuPc and F16CuPc 
on graphite where shifts of the HOMO and LUMO positions 
have been observed but no common molecular orbitals for both 
donor and acceptor molecules were reported.[21]
3. Discussion
Figure 7 depicts the energy levels of the homomolecular 
layers of the acceptor HATCN and the donor HAT and com-
pares them to the energy levels of the intermixed molecular 
layer. The energy values were derived from the above reported 
ARPES/UPS, STS, and XPS measurements and are displayed 
with respect to the Fermi level. For weak interacting organic 
donor/acceptor systems, a rigid shift away from the vacuum 
level was usually reported when increasing the donor/acceptor 
ratio.[9,14,18] This was described by the so-called vacuum level 
pinning (VLP) model where all energies (conduction band, 
valence band, and core levels) are pinned to the vacuum 
level.[9,14] In other words, if the work function is reduced, 
all energy levels will be shifted to lower values by a similar 
amount. This seems to be the case for the HAT molecule. The 
work function compared to the intermixed layer is reduced 
by 0.5 eV and the HOMO as well as the O 1s core level were 
shifted away from the Fermi level, although the shift of the 
HOMO only amounted to approximately half of the shift of the 
vacuum level and the O 1s binding energy.
In the case of HATCN one might expect a Fermi level pin-
ning (FLP) instead of a VLP.[14] This means that the work func-
tion decrease caused by the mixing of the two molecules is 
counteracted by a small charge redistribution of the partially 
filled LUMO at the Fermi level leaving the energetic positions of 
the HATCN states unaffected. Indeed, we observed a decreased 
intensity close to the Fermi level in the mixed layer com-
pared to the pure HATCN indicating a charge redistribution 
(Figure S7d, Supporting Information). Additionally, the N 1s 
core levels did not show any significant changes in binding 
energy for the homomolecular and mixed layer, which is an 
indication for FLP.
However, the simple picture of the VLP or the FLP model 
fails to explain the hybridization of the donor and acceptor 
molecules leading to the alignment of the unoccupied mole-
cular orbitals as observed in the STS measurements (Figure 5). 
Our STS data showed that the electronic structure of the unoc-
cupied states of both HAT and HATCN in the intermixed layer 
were similar. For both molecules a LUMO peak at 0.45 V was 
detected, which was observed neither for the homomolecular 
HAT nor for the homomolecular HATCN layer. Furthermore, 
the LUMO of HAT compared to the intermixed layer shifted 
toward Evac by 0.2 eV while all other states showed a shift in the 
opposite direction.
Our combined ARPES and DFT data show that HATCN 
exhibited a significant interaction with the Ag(111) surface 
in the homomolecular layer leading to a substantial charge 
transfer. In contrast, as indicated by our DFT calculations 
for gas phase and adsorbed HAT molecules in the homomo-
lecular layer, the structural and electronic properties of HAT 
were essentially unaffected upon adsorption on the Ag(111) 
(see Supporting Information). Intermixing HATCN and HAT 
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Figure 6. STM image and simultaneously acquired dI/dV map of the 
intermixed layer taken at a bias of 0.45 V as indicated by the vertical line 
in Figure 5, acquired at 5 K. a) Top: topography, bottom: dI/dV map. The 
white arrows point to a row of HAT molecules at the border of the island, 
which exhibit lower conductivity. b) Superposition of the topography and 
the dI/dV map (12 × 12 nm2, I = 200 pA). The positions of a few molecules 
are sketched.
Figure 7. Energy levels (not drawn to scale) for HATCN and HAT and 
the intermixed phase on Ag(111), as derived from XPS, ARPES/UPS, and 
STS measurements.
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led to hybridization between the two molecules evidenced in 
the emergence of the new common LUMO, which shows a 
spatially homogeneous distribution across both molecules and 
a broadening of the molecular electronic states and a charge 
transfer from the HAT to the HATCN as observed by our 
DFT calculations. Finally, the hybridization was accompanied 
by a conformational change of HAT as can be seen from the 
STM data. We assume that in the intermixed layer the inter-
molecular interactions are considerably stronger than the 
molecule/substrate interactions, also because the assemblies 
changed from commensurate in the homomolecular layers to 
incommensurate in the intermixed layer. The increased inter-
molecular interactions were also manifested in a broadening 
of HAT’s occupied states visible in the ARPES and DFT data 
(Figures S8–S10, Supporting Information). Furthermore, we 
observed a reduced HATCN–substrate interaction in the inter-
mixed layer which resulted in a decreased FWHM of the N 1s 
and C 1s core levels in the intermixed layer, in a reduced charge 
transfer from the substrate into the HATCN and an increased 
adsorption height of the HATCN molecule (see Figure S7d and 
Tables S2, S4 and S5, Supporting Information).
4. Conclusion
In conclusion, we studied two structurally and electronically 
complementary organic molecules on Ag(111). Both molecules 
assembled into well-ordered, commensurate structures for mono-
layer deposition. The electron donor HAT showed weak interac-
tion with the Ag(111) surface, while for the electron acceptor 
HATCN buckling and charge transfer into the LUMO were 
observed upon adsorption. By intermixing the two molecules, 
we found a strong hybridization leading to the emergence of a 
common unoccupied state, which was not present for the homo-
molecular layers. Additionally, we gained strong evidence that 
the intermolecular interactions strongly increased in the inter-
mixed layer while the HATCN-substrate interaction decreased 
significantly. This is corroborated by our DFT calculations, which 
show a charge transfer from the HAT into the HATCN for the 
intermixed superstructure and by our UV–vis data of the solid 
CT complex which exhibits hybrid states. Our surface supported 
HATCN/HAT system, therefore, represents a CT complex suit-
able for possible usage in organic (opto)electronics.
5. Experimental Section
Synthesis and Electrochemical Measurements: HATCN and HAT were 
synthesized according to literature procedures.[41] Cyclic voltammetry 
measurements were performed on a computer-controlled BAS CV-50W 
instrument at ambient probe temperature in CH2Cl2 solutions containing 
0.1 m n-Bu4NPF6 as supporting electrolyte at a scan rate of 100 mV s−1. 
A Pt wire was used as a counter electrode, Ag/AgNO3 as a reference 
electrode, and Pt as a working electrode. UV–vis was performed on the 
pure HAT and HATCN dissolved in MeCN solution with a concentration 
of ≈4 × 10−6 m with an Agilent Technologies, Cary 60 spectrophotometer. 
The sample containing HAT+HATCN (3 mg mL−1) was deposited on 
2 cm × 2 cm glass wafer in commercially available PMMA as matrix 
(Sigma) dissolved in MeCN. A table top spin coater from S.P.S (Spin 
150) was used and 11 mg of PMMA were dissolved in 1 mL of warm 
MeCN prior to the sample preparation. UV–vis absorption spectra were 
recorded on a JASCO V-670 spectrophotometer by fixating the coated 
glass wafer in the beam path. An uncoated wafer was used as reference.
Sample Preparation: All experiments were carried out under ultra-
high vacuum (UHV) conditions. Ag(111) single crystals were cleaned 
by repeated cycles of Argon ion sputtering and subsequent annealing 
at 400 °C. The sample quality was checked by STM, XPS, or LEED prior 
to molecule deposition. Molecules were deposited with a Knudsen 
cell evaporator while the substrate was kept at room temperature 
and the evaporation rate was monitored by means of a quartz 
crystal microbalance. Typical evaporation rates were in the range of 
0.2–0.5 ML min−1, where one monolayer corresponds to full coverage of 
the surface with the (7 × 7) and 21 21 10.9R( )× ° overlayer for HATCN 
and HAT, respectively. For the preparation of the intermixed structure, 
HAT molecules were deposited first followed by HATCN molecules. In 
order to improve the quality of the mixed layers for surface averaging 
measurements like XPS, ARPES, and UPS, the samples were annealed at 
150 °C after deposition of both molecules. The samples did not undergo 
any annealing for STM and STS measurements.
STM and STS Measurements: STM and STS measurements were 
performed in a two chamber UHV system equipped with a commercial 
low-temperature STM/AFM and a MCP LEED optics (Scienta Omicron 
GmbH). STM images were either acquired at 77 K or at 5 K using a 
mechanically cut Pt/Ir tip. The bias voltages in the text are given with 
respect to a grounded tip. STS measurements were performed with 
an external lock-in amplifier using a lock-in frequency of 678 Hz and a 
modulation voltage of 12 mV (rms-value) at liquid helium temperatures 
(5 K). WSxM was used to analyze the STM images.[42]
UPS and Work Function Measurements: UPS and work function 
measurements were carried out in a separate UHV system equipped with 
a variable temperature STM (Scienta Omicron GmbH), a hemispherical 
energy analyzer (Thermo Fisher), a twin anode X-ray source, a He 
discharge lamp, and LEED optics (SPECS). The STM was used to 
confirm that at least 90% of the surface was covered with molecules to 
ensure a reasonable intensity for spectroscopy measurements. For the 
measurements of the intermixed samples, at least 90% of the molecules 
were arranged in the above described mixed structure. The overall quality 
of the samples was determined with LEED. UPS was performed by using 
a nonmonochromatized HeI lab source (21.2 eV) under an angle of ≈30° 
with respect to the surface normal and with an acceptance angle of 
≈12°. Work function measurements were performed by applying a bias 
of −5 V to the sample and measuring the secondary electron cut-off and 
the Fermi level.
XPS and ARPES Measurements: XPS and ARPES measurements 
were performed in a multichamber UHV system equipped with an 
analyzer chamber containing a SPECS 150 hemispherical analyzer. 
ARPES measurements were performed with monochromatized HeI 
radiation (21.2 eV) under an angle of 5° with respect to the surface 
normal in order to remove the intensity coming from the surface state 
of the Ag(111). In a connected chamber, a Kratos Axis Ultra XPS system 
containing a monochromatized Al Kα X-ray source was used to acquire 
high-resolution XPS data. The preparation chamber contained LEED 
optics (SPECS). However, the system did not contain a STM to monitor 
the structural quality of the samples. Hence, coverage and quality of the 
molecular films were investigated in different ways. First, the amount 
of molecules necessary for 1 ML of HAT could be estimated by LEED 
as the molecules were mobile at room temperature for coverages 
below 1 ML and only for coverages close to 1 ML a sharp LEED pattern 
could be observed. Second, the molecular coverage was determined by 
monitoring the silver surface state with ARPES, which was shifted into 
the unoccupied states for samples covered with a full monolayer of 
molecules. A weak remainder of the original silver surface state indicated 
that the surface was almost completely covered with molecules, without 
having a second molecular layer. Finally, the quality of the LEED pattern 
for the intermixed structure and absence of LEED spots related to pure 
HAT or HATCN domains was used to confirm that the majority of the 
sample was covered by the above-described intermixed phase.
The binding energy of the XPS data was referenced to the Ag 
3d5/2 peak at 368.3 eV.[43] Subtraction of the silver plasmon peaks, 
Small 2019, 15, 1901741
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which overlap with the N 1s region, was carried out in the following 
way. The N 1s background region was measured for one monolayer 
of HAT molecules, which do not contain any nitrogen.[44] This 
spectrum was smoothed, the intensities of all spectra were aligned at 
the low binding energy site of the region, and then the background 
spectrum was subtracted from the data measured for HATCN and 
for the intermixed layer. For all spectra a Shirley-type background was 
subtracted except for the O 1s region where a linear background was 
employed. The peaks were fitted by a combination of Lorentzian and 
Gaussian functions. The area ratios for the N 1s spectra and the C 1s 
spectra were constrained according to the structural formulas of the 
molecules. The ARPES data were fitted by a simple Lorentzian function 
after subtraction of a linear background (see Supporting Information 
for more details).
Computational Methods: Density functional theory calculations 
were performed using the VASP code (version 5.4.4),[45] which used 
the projector augmented wave (PAW) method.[46] For the bulk lattice 
constant of Ag the calculated value of 4.147 Å was used.[47] For structural 
relaxation, the optB88-vdW functional was opted,[48] which includes the 
van der Waals (vdW) interaction through a nonlocal contribution to 
the correlation energy. Several investigations revealed that the optB88 
functional provided an overall good agreement with experimental 
results.[47,49] For calculating the work function, the PBE functional was 
used.[50] The plane wave energy cut-off was set at 400 eV, and structural 
relaxation was achieved using a force criterion of 0.01 eV Å−1. For all 
calculations, Monkhorst–Pack sampling was used. For the calculations 
of the adsorbed molecules, a 14 × 14 × 14 grid was used while for bulk 
calculations a 3 × 3 × 1 and a 2 × 2 × 1 grid were used for HAT and 
HATCN, respectively. In agreement with the experimental observations, 
a 7 × 7 overlayer was constructed for HATCN and a 21 21 10.9R( )× °  
one for HAT. For the HATCN and HAT calculations, four layers were 
used with 49 atoms/layer for HATCN and 21 atoms/layer for HAT, where 
the HATCN unit cell contained two molecules and the HAT unit cell one 
molecule. For the intermixed phase, a substrate was created containing 
three layers and 60 atoms per layer. On that specific substrate, one HAT 
and one HATCN molecule were positioned. The supercell used in all 
the calculations contained at least 20 Å of vacuum separation. For the 
calculations of the intermixed phase without the Ag substrate, a unit cell 
of 2.4 nm × 2.7 nm with an angle of 77° similar to the one found in STM 
for the intermixed structure was used.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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